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Abstract— This letter reports a non-reciprocalfilter based
on the use of nonlinearities in high quality-factor (Q) sili-
con micro-acoustic resonators with asymmetric piezoelec-
tric transducers. The two-port resonators are created by
the integration of 120-nm piezoelectric aluminum nitride
and 10-nm ferroelectric hafnium-zirconium-oxide transduc-
ers atop of 70-nm single-crystal silicon. The asymmet-
ric electromechanical transduction architecture results in
highly contrasted power-handing of the micro-acoustic res-
onator when excited at different ports, resulting in non-
reciprocal transmission response for excitation powers
beyond a certain threshold. A proof-of-concept filter at
253 MHz with 0.25% —3-dB bandwidth is implemented
through electrical coupling of two asymmetrically trans-
duced resonators with individual Q of ~870. The filter
demonstrates a non-reciprocal transmission ratio of ~16 dB
for input power exceeding 5 dBm.

Index Terms— Non-reciprocal filter, nonlinear resonator,
hafnium-zirconium-oxide transducer, high-Q acoustic
resonator.

|. INTRODUCTION

ULL-DUPLEX (FD) integrated RF front-end (RFFE)

systems are one of the key enabling modules for real-
ization of the emerging wireless communication protocols
(i.e. 5G and beyond). FD RFFE can essentially double the data
communication capacity through simultaneous transmission
and receive at the same frequency-band and address the ever-
growing need for network capacity. Realization of FD RFFE
for wireless systems requires integrated non-reciprocal com-
ponents, such as isolators and circulators, to avoid destructive
self-interference between the transmitter (Tx) and receiver (Ry)
signals. Such integrated non-reciprocal architectures, however,
are not currently available due to the fundamental limitation
of current analogue signal processing modules, such as filters
and amplifiers that operate inherently on reciprocal physics.
Besides FD RFFE, frequency selective limiters (FSL), which
are pivotal components in tactical communication systems,
require non-reciprocal blockage of in-band signals with large
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powers that saturate Ry amplifiers. Currently, all FSL tech-
nologies rely on ferromagnetic resonators that are very large
in size and incompatible with monolithic integration [1]. This
leads to the need for research on the development of integrated
non-reciprocal architectures based on novel components and
systems that break the reciprocity and operate at diverse power
ratings. Prominent examples of such architectures are time-
varying electronic systems [2]-[4] and active electroacoustic
components [5]-[6]. These systems are typically highly com-
plex and impose excessive power-consumption and integration
challenges.

In this letter, we introduce a new high quality-factor (Q)
micro-acoustic resonator technology that exploits the nonlin-
ear operation regime to enable realization of non-reciprocal
RF filters. The presented technology is based on the integra-
tion of piezoelectric aluminum nitride (AIN) and ferroelectric
hafnium-zirconium-oxide (Hfy 5Zry50>) films on a thin single
crystal silicon (SCS) to realize asymmetrically transduced
Lamb-wave resonator with non-reciprocal operation.

Il. ASYMMETRICALLY TRANSDUCED RESONATORS

The non-reciprocal filter presented in this letter are real-
ized through electrical coupling of asymmetrically transduced
waveguide-based resonators. Dispersion engineering of the
Lamb-waves result in acoustic energy trapping for high-Q
waveguide-based resonators [7]. These devices are formed
by stacking two piezoelectric transducer films with large
thickness variation atop of a thin 70nm SCS layer. The
large contrast between the electromechanical transduction effi-
ciency of the two piezoelectric films with large thickness
ratio (>10) results in the non-reciprocal power handling of the
resonator when excited through different ports. Fig. 1 shows
the top view of the asymmetrically transduced resonator.
The asymmetric piezoelectric stack is formed by sputtering
120nm piezoelectric AIN film, followed by atomic layer
deposition (ALD) of 10nm ferroelectric Hfy 5Zrp 50, film. The
10nm ferroelectric Hfy 5Zrg 50, is the thinnest ever-reported
electromechanical transducer that provides a large piezoelec-
tric coupling when sufficiently polarized [8]. Fig. 2 illustrates
the resonator stack, highlighting the diffraction pattern of
the orthorhombic Hf( 5Zry 50O, layer, sandwiched between the
molybdenum (Mo) and TiN electrodes. Fig. 2 (b-inset) shows
the ferroelectric hysteresis loop of the TiN/Hfy 5Zrg502/Mo
capacitor where a large instantaneous polarization is evident.
Application of a sufficiently large DC voltage across the
Hfy 571950, film enables polarization of the transducer to
provide linear piezoelectric coupling. The large difference
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Fig. 1. SEM image of two-port asymmetrically transduced resonator.
Port-1 (highlighted in green) is a 10nm ferroelectric Hfg 5Zrg 505 film and
Port-2 (highlighted in pink) is a 120nm AIN film. The insets highlight the
details of Hfg 5Zrg 505 transducer stack formed from 10nm ferroelectric
film in between 10nm/30nm TiN/Pt on top and 50nm Mo at bottom.
AIN transducer is formed from the piezoelectric film with 30nm Pt (top)
and 50nm Mo (bottom) electrodes. The device operates based on exten-
sional waves propagating in Z direction, with orthogonal displacement in
Y direction; hence, forming lateral-extensional resonance mode.

===

Fig. 2. (a) HR-XTEM image of the resonator stack. (b) Zoomed-in view
of the 10nm/10nm Hfq 5Zrg 505/TiN layers. The diffraction patters are
evident indicating the orthorhombic crystallinity of Hfy 5Zrg 505. (inset)
Measured hysteresis loop for the 10nm Hfg 5Zrg 502. The polarized
transducer operates at the starred point yielding a large linear electro-
mechanical coupling.

between the thicknesses of the two transducers (i.e. 120nm
AIN vs 10nm Hfj 5Zrg 50;) results in highly contrasted power
handling of the device when excited at different ports. Fig. 3
demonstrates the asymmetric power-handling concept using
the Mason waveguide model for the resonator. For a similar
electrical input power (i.e. P;,), the mechanical energy stored
in the resonator can significantly change, depending on the
electromechanical excitation port. Specifically, when the res-
onator is excited at the AIN port, the large kg v can drive the
device into mechanical nonlinearities with {éw input powers.
The kéf 4y can be expressed as:

EAnT,
2 ) AINTAIN
kegraiv ~ k31, a1n S BT M

where k%l 4y is the transverse coupling coefficient of AIN
and E, and T, are the Young’s modulus and thickness of
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Fig. 3. Mason waveguide model for the resonator with asymmetric

transducers. ZanHzo, KainHzos tainvHzo. CainHzo are the acoustic
impedance, wavenumber, thickness and static capacitance of the indi-

vidual transducers and Z;, k;, t;, C; correspond to other non-piezoelectric
materials in the resonator stack. nan/Hzo are transduction efficiencies
at two ports and are proportional to k31 an/Hzo [9]. Sp1 and Sip
correspond to the mechanical power injected into the resonator when
actuated using the AIN and Hfg 5Zrg 505 transducers, respectively, using
an electric input power Pj,; Power-sensitive resistive (D;Ppjech,;) and
reactive (—jEjPpech,j) components in the model represents the thermal

and elastic nonlinear behavior in the i layer of the resonator.

the corresponding layer in the resonator stack. On the other
hand, excitation of the device at the 10nm Hfj5Zrys0;
port with similar input powers does not induce mechanical
nonlinearities, due to the significantly smaller kéf Hzo- The
ratio between the electromechanical transduction of the two
ports can be expressed through:

2 2
ke aiv _ k31 aiv EanTaiv

)

2 - 2 ’
keﬁ{Hzo A2.k315HZO EnzoThzo

Here, A is the ratio of effective transduction areas at
port-1 and port-2. The large contrast in electromechanical
coupling at the two ports, resulting from an order of mag-
nitude difference in the transducer thicknesses, induces a
significant change in mechanical energy stored in the res-
onator when excited with similar input power. While exci-
tation of the resonator at two different ports with sufficiently
small input power (P;,) results in a reciprocal transmission
response, the reciprocity can be directionally broken with
the increase in P;,. The increase in P;,, beyond a certain
threshold, drives the resonator into mechanical nonlinearities
when using AIN transducer as the excitation port. However,
application of the same P;, to HfysZrg50, port does not
induce any nonlinearity in resonator operation. In the nonlinear
regime, the frequency response of the resonator is substantially
distorted resulting in a tremendous increase in the insertion
loss. Such distortion can be attributed to the columnar poly-
crystalline structure of the AIN film that is comprised of
dense C-axis oriented grains with loose intergranular bonds.
Therefore, excitation of the AIN film with large input powers
induces local thermal nonlinearities that essentially distort the
resonator frequency response [10]. This behavior is unlike
single crystal films or substrates where even large nonlin-
earities induces a predictable duffing effect in the frequency
response of the resonator [11]. The nonlinear operation of the
two-port resonator, based on thermal and elastic nonlinearities,
are incorporated in Mason waveguide model (Fig. 3) as power-
dependent resistive and reactive components.

Considering the operation principle of the non-reciprocal
resonator with asymmetric transducers, the dynamic range of
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Fig.4. (a) Frequency response of individual resonator for different input powers for (a) Hfg 5Zrg 5 0»-actuate / AIN-sense (inset shows simulated mode
shape of 3 width-extensional mode) (b) AIN-actuation / Hfg 5Zrg 502-sense transduction schemes. (insets-left) show the transduction schemes
(c) S;jj response of the resonator with different transduction schemes: Hfg 5Zrg 505-actuate (S11) and AIN-actuate (Spo) for Pj, = 15dBm.

operation can be defined by:

2

PMech,forward = kHZOPin < PMech,threshold (3.2)
2

PMech, reverse — kAlNPin > PMech,threshold (3.b)

Here, P;, is the input electrical power and Pyech, threshold
is the threshold mechanical power required to drive the
device into nonlinearity. Eq. (3.a) is required to ensure linear
operation in forward direction, while Eq. (3.b) is needed
to enable signal suppression when operated in backward
direction. Eq. (3.a) and (3.b) can be summarized to yield the
dynamic range of non-reciprocal operation as:

1 1

FE
kHZO kAlN

Dynamic Range = PMech, threshold (4)
Considering Eq. (4), the dynamic range can be enhanced by
increasing Pyech,threshold, OF increasing the mismatch between
electromechanical transduction efficiency at the two ports.
Fig. 4 shows the frequency response of the asymmetrically
transduced resonator actuated and sensed at different ports, for
different input powers. The 3™ width-extensional bulk acoustic
mode is excited at ~253MHz, with a Q of ~870 in both
transduction schemes for input powers below 5dBm. However,
for the AIN-drive case, the resonator is driven into nonlinear
operation with input powers above 5dBm, showing a highly
distorted frequency response with an increased insertion loss
of ~10dB. On the other hand, in Hfy sZry 50,-drive scheme,
the resonator remains in the linear regime with input powers
up to 25dBm, without showing any distortion in response.

I11. NON-RECIPROCAL ELECTRICALLY
COUPLED FILTERS

The asymmetrically transduced resonators are electrically
coupled to implement bandpass filters. Opting for a proper
coupling architecture, the directional nonlinear response of
the individual resonators enables realization of a non-
reciprocal filter. In the forward configuration, the excitation
is applied to port-1 (i.e. resonator-1 at HfysZrgsO> trans-
ducer), and the output is measured at port-2 (i.e. resonator-2
at AIN transducer), resulting in power-insensitive transmis-
sion response (i.e. Sp1). In the backward configuration, the
transmission response (i.e. S12) is highly sensitive and gets
distorted for input powers above 5dBm. Fig. 5 demonstrates
the frequency response of the filter in forward and backward
configuration, for different input powers. A non-reciprocal
transmission ratio (NTR), i.e. the difference between the
insertion losses of forward and backward signal transmission,
of ~16dB is achieved for input powers of 5dBm-25dBm. The
20dBm dynamic range of nonreciprocal operation is attributed
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Fig. 5. Measured filter response of the electrically coupled filter with a
linear BW34p of 0.25% and NTR of ~16dB.

to the huge mismatch between electromechanical transduction
efficiency at the two ports. This mismatch, however, results in
a small kgﬂ overall of the resonator, which limits the maximum
attainable bandwidth (i.e. 0.25%) and increases the insertion
loss (i.e. —60dB) of the electrically coupled filter. These
characteristics can be significantly improved by opting for
thicker transducer films with larger piezoelectric coupling
coefficients, larger device area, and removing electromechani-
cally passive layers (i.e. Si and TiN) out of the resonator stack.
Alternatively, the dynamic range of operation can be increased
by opting for Ppech, threshold €nhancement, while reducing the
electromechanical coupling efficiency mismatch at the two
ports; thus, improving kgﬂ overall
IV. CONCLUSION

This letter introduces an asymmetrically transduced micro-
acoustic resonator that enables realization of non-reciprocal
filters. The resonators are formed from integration of 120nm
piezoelectric AIN and 10nm ferroelectric Hfy 5Zrg 50, trans-
ducers. The significant difference in transducer thicknesses
results in a large contrast in resonator power handling when
excited at different electromechanical transduction ports. The
large distortion of the resonator frequency response in the
nonlinear operation regime is used to implement a non-
reciprocal filter for input powers beyond 5dBm. The filter
is created from electrical coupling of identical asymmetri-
cally transduced resonators at dissimilar transduction ports to
create a directional transmission response. Proof of concept
resonators at ~253 MHz, with Q of ~870, is demonstrated
and used to implemented filters with 0.25% bandwidth. A non-
reciprocal transmission ratio of ~16dB is measured for input
powers >5dBm. This conceptual demonstration identifies a
new approach for realization of non-reciprocal filters to enable
5G full-duplex wireless systems and frequency selective
limiters.
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